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Abstract - We have been developing exoskeletons (exosk- 
eletal robots) for assisting the motion of physically weak per- 
sons such as elderly persons or slightly disabled persons in 
daily life. In this paper, we propose a 3 DOF exoskeleton and 
its control system to assist the human upper-limb motion 
(shoulder joint motion and elbow joint motion) of physically 
weak persons. The proposed robot automatically assists the 
human motion mainly based on the skin surface electromyo- 
gram (EMG) signals. Fuzzy control has been applied to real- 
ize the sophisticated real-time control of the exoskeleton. 
Experiment has been performed to evaluate the proposed 
exoskeleton. 

I. INTRODUCTION 

Many exoskeletons [ I]-[4], which are sometimes called 
as power suits, man amplifiers, man magnifiers, or power 
assist systems, have been introduced for application in in- 
dustry and military. Those exoskeletons are expected to aug- 
ment human power. On the other hand, we have been devel- 
oping exoskeletons (exoskeletal robots) [5]-[9] for assisting 
the motion of physically weak persons such as elderly per- 
sons or slightly disabled persons in daily life. Since our ex- 
oskeletons are supposed to generate flexible motion required 
in human living space, the motion assistance force is limited 
to be the same level as ordinal human force. In this paper, we 
propose a 3 DOF exoskeleton and its control system to as- 
sist the human upper-limb motion (shoulder flexion-exten- 
sion motion, shoulder adduction-abduction motion, and el- 
bow flexion-extension motion) of physically weak persons. 

The electromyogram (EMG) signals of human muscles 
are important signals to understand how the human subject 
intends to move. The EMG signals can be used as input 
information for the robotic systems [IO]-[ 121. The proposed 
exoskeleton automatically assists the human motion mainly 
based on the skin surface EMG signals, since we can not 
expect the human subjects manipulate the exoskeleton by 
using any control equipment. Even though the EMG signals 
contain very important information, however, it is not very 
easy to predict the human upper-limb motion (elbow and 
shoulder motion) based on the EMG signals in a short time 
since many muscles are involved in the motion [13]-[16]. 
Furthermore, it is difficult to obtain the same EMG sig- 
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nals for the same motion even from the same human sub- 
ject since the EMG signal is a biological signal which is 
affected by the physiological condition of the human sub- 
ject. Therefore, the exoskeleton must be intelligent and 
flexible enough to deal with biological signals. In order to 
cope with this problem, fuzzy control has been applied to 
realize the sophisticated real-time control of the exoskel- 
eton. 

The fuzzy controller is supposed to control the elbow 
and shoulder joint angles of the exoskeleton based on the 
amount of the skin surface EMG signals of arm and shoulder 
muscles and the generated wrist force. Impedance charac- 
teristics of the elbow joint of the exoskeleton are also con- 
trolled by the controller. In the control d e s ,  we consider the 
generated wrist force is more reliable when the subject acti- 
vates the muscles little (when the EMG levels ofthe subject 
are low), and the EMG signals are more reliable when the 
subject activates the muscles a lot (when the EMG levels of 
the subject are high). In other words, the exoskeleton is con- 
trolled based on the generated wrist force when the EMG 
levels of the subject are low, and the exoskeleton is con- 
trolled based on the EMG signals when the EMG levels of 
the subject are high. The effect ofthe arm posture change is 
also taken into account in the controller [5][6].  By applying 
this control strategy, the exoskeleton supports the upper- 
limb motion in accordance with the human subject's inten- 
tion. Experiment bas been performed to evaluate the pro- 
posed exoskeleton and its control system. 

11. EXOSKELETON 

The proposed exoskeleton (i.e., an exoskeletal robot) 
is supposed to be attached directly to the lateral side of a 
human subject. The architecture ofthe exoskeleton is shown 
in Fig. 1. The exoskeleton consists of four main links (two 
main links for shoulder joint motion and another two links 
for elbow joint motion), a frame, three DC motors, an up- 
per-ann holder, a wrist holder, a wrist force sensor, driving 
wires, wire tension sensors, and driving motors. An air cush- 
ion is attached inside of the upper arm holder. By adjusting 
the air pressure of the air cushion, the upper ann holder 
can be properly attached to the upper-ann of any human 
subject. The shoulder flexion-extension and abduction-ad- 
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Rear View Front View 

(a) Attached exoskeleton 

(e) Architecture (Top view) 
Fig. 1 The proposed exoskeleton 

Fig. 2 Motion of the exoskeleton 

The signals from the sensors are sampled at a rate of lkHz 
(the EMG signals are also sampled at the same time) and 
low-pass filtered at 8Hz. 

On the other hand, the elbow flexion-extension motion 
of the human subject (see Fig. 2) is assisted by the exoskel- 
eton by activating the elbow joint pulley using the driving 
wire against the arm link-1 which is attached on the upper- 
arm holder. In order to make the movable links light weight, 
heavy DC motors are fixed on the frame. 

Human elbow joint is mainly activated by biceps and 
triceps, and moves in 1 DOF. Human shoulder joint is acti- 
vated by many muscles such as deltoid, pectoralis major, 
teres major, and trapezius, and moves in 3 DOF. In this study, 
EMG signals of biceps (lateral and proximal parts), triceps 
(lateral and proximal parts), deltoid (anterior, middle, and 
posterior parts), pectoralis major (lateral and clavicular parts), 
teres major, and trapezius (see Fig. 3) are measured and used 
for control of the proposed exoskeleton, 

Usually, the limitation of the movable range of human 
elbow is between -5 and 145 degrees and the limitations of 
the movable range of human shoulder are 180 degrees in 
flexion, 60 degrees in extension, 180 degrees in abduc- 
tion, and 75 degrees in adduction. Considering the practi- 

, 
: 

Ch.1: Bxopa (proximal part) 
Ch.2: Bireor llaferal osrtl 

Ch.1: Dehoid (middie part) 
Ch.8: Pertardis m i o r  ~~.~~~ . ~, ~ ~~~~ 

Cb.2 Trkepa (Irtorsl  part) 
Cb.4 Trkrpr (prorhai  pwt) 
Cb.5: Dehaid (anterior part) 
Cb.6 Dehoid (posterior part) 

Ch9: TlW, major 
Ch.10 Pectoralis major (clavicular part) 
Ch.11: TrnporiUs 

duction motions of the human subject (see Fig. 2)  are as- 
sisted by the exoskeleton by activating the upper-ann holder, 
which is attached on the main link-2 for shoulder joint 
motion, using driving wires driven by two DC motors. The 
center of rotation (CR) of the shoulder joint is mechani- 
cally moved according to the shoulder joint angles in or- 
der to compensate for the difference between the location 
of the CR of the exoskeleton and that of the human subject 
[9]. The shoulder angle is measured by potentiometers at- 
tached to ihe links of the exoskeleton. The wire tension 
(driving force) is measured by the wire tension sensors. 

Front view Side view Rear view 

Fig. 3 Location of electrodes 
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cal application in everyday life and the safety of the human 
subject, the elbow joint motion of the proposed exoskel- 
eton is limited between 0 and 120 degrees, and the limita- 
tion of the shoulder joint motion of the proposed exoskel- 
eton are 0 degrees in extension and adduction, 90 degrees 
in flexion, and 90 degrees in abduction. The maximum an- 
gular velocity of the motor is limited by the hardware, as a 
safety measure. The maximum torque of the exoskeleton 
(i.e., the maximum current of the motor) is also limited by 
both the hardware and the software for safety. Furthermore, 
there is an emergency stop switch beside the exoskeleton. 

111. CONTROL OF THE EXOSKELETON 

Fuzzy control is applied to control the exoskeleton ef- 
fectively and flexibly based on EMG signals which are af- 
fected by physiological condition of the human subject. 
The fuzzy IF-THEN control rules are designed based on 
the analyzed human subject’s elhow and shoulder motion 
patterns in the pre-experiment. The EMG characteristics 
of human elbow and shoulder muscles studied in another 
research [13]-[16] are also taken into account. Since many 
muscles are involved in the upper-limb motion, it is not 
easy to make EMG-based control rules. Furthermore, since 
biceps and a pan triceps are hi-articular muscles, the shoul- 
der motion affects the amount of activity levels of these 
muscles. In the proposed control method, the definition of 
the antecedent pan of the fuzzy IF-THEN control tules for 
elbow motion is adjusted based on the activation level of 
shoulder muscles. The effect of the arm posture change is 
also taken into account in the controller [5][6], since the 
arm posture change affects the amount of the EMG signals 
generated for the joint motion. In the proposed fuzzy con- 
troller, there are 16 rules (3 patterns) for elbow motion, 
32 rules for shoulder motion, and 2 tules for controller 
switching between the EMG based control and the wrist 
force sensor based control. Consequently, 50 fuzzy IF- 
THEN control rules are prepared for control of the exosk- 
eleton, The simplified proposed control architecture is 
depicted in Fig. 4. 

In the proposed fuzzy control method, the exoskeleton 
is activated based on the generated wrist force signal when 
the EMG levels of the human subject’s muscles are low. In 
this case, force control is carried out at the tip (at the posi- 
tion of the wrist) of the exoskeleton to assist the upper- 
limb motion of the human subject detected by the wrist 
force sensor. The desired wrist force in the force control 
is zero. The force control law is written as: 

where uf is a force control command vector, Kf is a force 
control gain, f is the generated wrist force vector measwed 
by the wrist force sensor, 7d is a torque command vector 
for each joint, and J, stands for the Jacobian matrix which 
relates the exoskelton’s joint angular velocity to the Car- 
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Fig. 4 Controller architecture 

tesian velocity. As the EMG levels of the human subject’s 
muscles are increased (as the muscles of the human sub- 
ject are activated), the wrist force signal is ignored and the 
EMG signals are utilized to activate the exoskeleton. 

In order to extract the features from the raw EMG sig- 
nals, the MAV (Mean Absolute Value) is calculated and used 
as input signals to the fuzzy controller. The equation of the 
MAV is written as: 

(3) 

where xi is the voltage value at kth sampling, N is the num- 
her of samples in a segment. The number of samples is set 
to  be 100 and the sampling time is set to be Ims in this 
study. 

The input variables of the fuzzy control are the MAV of 
EMG of eleven kinds of muscles, elbow angle, shoulder 
angles (vertical and horizontal angles), and force signals 
from the wrist force sensor. Four kinds of fuzzy linguistic 
variables (ZO: zero, PS: positive small, PM: positive me- 
dium, and PB: positive big) are prepared for the MAV of 
EMG (ch. I ,  3, and 7). Three kinds of fuzzy linguistic van- 
ables (ZO, PS, and PB) are prepared for the MAV of EMG 
(ch. 2,4-6, and 8-1 I). Three kinds of fuzzy linguistic van- 
ahles (EA: Extended, FA: Flexed, and IA: Intermediate 
angle) for elbow and shoulder angles. 

The outputs of the fuzzy control are the torque com- 
mand for shoulder motion [7], and the desired impedance 
parameters and the desired angle for elbow motion of the 
exoskeleton [8]. The torque command for the shoulder joint 
of the exoskeleton is then transferred to the force com- 
mand for each driving wire. The relation between the torque 
command for the shoulder joint of the exoskeleton and the 
force command for driving wires is written as the follow- 
ing equation: 

where T~ is the torque command vector for the shoulder 
joint of the exoskeleton,l;, is the force command vector 
for the driving wires, and .I, is the Jacobian which relates 
the exoskeletral robot joint velocity to the driving wire ve- 
locity. Force control is carried out to realize the desired 
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Fig. 5 Experimental setup 

force Kd) in driving wires by the driving motors for shoul- 
der motion of the exoskeleton. 

Impedance control is performed with the derived im- 
pedance parameters and the derived desired angle for the 
elhow joint control of the exoskeleton. The equation of 
impedance control is written as: 

z, = Me(qd -4)+ B,(Q, -Q)+ K . ( q d  -4)  ( 5 )  
where T~ denotes torque command for the elhow joint of 
the exoskeleton, M, is the moment of inertia of the arm 
link-2 and human subject's forearm, Be is the viscous coef- 
ficient generated by the fuzzy controller, K, is the spring 
coefficient generated by the fuzzy controller, qd is the de- 
sired joint angle generated by the fuzzy controller, and q is 
the measured elhow joint angle of the exoskeleton. The 
torque command for the elbow joint of the exoskeleton is 
then transferred to the torque command for the driving 
motor for the elbow motion of the exoskeleton. 

1%'. EXPERIMENT 

Experiment has been camed out with a healthy human 
male subject (22 years old, 170cm, 53kg) to evaluate the 
effectiveness of the proposed exoskeleton. The experimen- 
tal setup is shown in Fig. 5. In order to examine the effec- 
tiveness of the proposed exoskeleton in motion assist for 
both the elbow and shoulder joint of the human subject, 
three kinds of cooperative motions of the elbow and shoul- 
der are perfomred in the experiment. In the motion-1 and 
motion-2, the human subject is supposed to move his wrist 
forward horizontally 200 [mm] from the initial position 
and backward again to the initial position following the tar- 
get trajectory. In the motion-I, the initial position of the 
upper-limb is set to be 0 [deg] in both horizontal and verti- 
cal flexion angle of the shoulder joint, and 120 [deg] in 
flexion angle of the elbow joint. In the motion-2, the ini- 
tial position of the upper-limb is set to be 0 [deg] in both 
horizontal and vertical flexion angle of the shoulder joint, 
and 90 [deg] in flexion angle of the elbow joint. The target 
wrist trajectoly is 200sin(0.1 n t) [mm] in the motion-I and 
motion-2. In the motion-3, the human subject is supposed 
to draw a circle on the sagittal plane by his wrist. There is 
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no target trajectory in the motion-3. 
All experiment is performed with and without the ex- 

oskeleton for comparison. If the proposed exoskeleton is 
effectively assisting the human motion, the activity levels 
of the EMG signals of the activated muscles are supposed 
to be reduced. 

Figure 6, 7, and 8 show the experimental results of the 
motion-1, motion-2, and motion-3 with the assist of the 
exoskeleton, respectively. Figure 9, 10, and 11 show the 
experimental results of the motion-I, motion-2, and mo- 
tion-3 without the assist of the exoskeleton, respectively. 
Only the results the EMG signals of ch. 1 (proximal part of 
biceps) and ch. 5 (anterior part of deltoid), which repre- 
sent the elbow and shoulder muscles, are depicted here. 
From these experimental results, one can see that the acti- 
vation levels of the EMG signals of the elbow and shoulder 
muscles were reduced when the human subject’s motions 
were assisted by the exoskeleton. The well performed tar- 
get trajectoty following results prove that the exoskeleton 
was activated in accordance with the human subject’s in- 
tention. These results show the effectiveness of the pro- 
posed exoskeleton in human upper-limb motion assist. 

V. CONCLUSIONS 

A 3 DOF exoskeleton and its control system were pro- 
posed to assist the human upper-limb motion of physically 
weak persons. Fuzzy control has been applied to realize 
the intelligent and flexible real-time control of the exosk- 
eleton. Both elbow and shoulder joint motions of the hu- 
man subject were automatically assisted by the proposed 
exoskeletop using the EMG signals of the human subject. 
Although the EMG based control of the upper-limb is com- 
plicated, the proposed controller realized the sophisticated 
cooperative motion support of the elbow and shoulder 
joints. The effectiveness of the exoskeleton and its con- 
trol system was verified by experiment. 
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